G lutathione (GSH) is a low molecular weight thiol compound that plays many roles in photosynthetic organisms. We utilized a ΔgshB (glutathione synthetase) mutant strain as a tool to evaluate the role of GSH in the cyanobacterium Synechocystis sp. PCC 6803 (hereafter Synechocystis 6803), a model photosynthetic organism. The ΔgshB mutant does not synthesize glutathione, but instead accumulates the GSH precursor, g-glutamylcysteine (g-EC), to millimolar levels. We found that g-EC was sufficient to permit cellular proliferation during optimal conditions, but not when cells were exposed to conditions promoting oxidative stress. Furthermore, we found that many factors affecting growth rate and photosynthetic activities strongly influenced cellular thiol content. Here, we are providing some additional insights into the role of GSH and g-EC in Synechocystis 6803 during conditions promoting oxidative stress.
Response of the ΔgshB Strain to Heavy Metals
GSH has been shown to be important for metal tolerance in diverse organisms including bacteria and plants. 1, 2 GSH has also been found to play important roles in detoxification of cadmium in bacteria and eukaryotic organisms. 3, 4 We utilized the ΔgshB strain as a tool to probe the effect of several metals on the cellular physiology Synechocystis 6803 in the absence of GSH.
We found that the ΔgshB strain is extremely sensitive to growth in the presence of CdCl 2 compared to the wild-type
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A closer look into the physiology of a ΔgshB mutant Jeffrey C. Cameron and Himadri B. Pakrasi* Biology Department; Washington University; St. Louis, MO USA (WT) strain (Fig. 1) , similar to findings with Escherichia coli and yeast. 3, 4 In Synechocystis 6803, cadmium elicits many similar responses to that of H 2 O 2 , resulting in the downregulation of processes involved in energy metabolism and upregulation of processes involved in iron homeostasis and oxidative stress. 5 We have previously concluded that reactive oxygen species (ROS) are generated during many environmental perturbations. 6 Moreover, recent work has implicated GSH and the glutaredoxin system in selenate 7 and arsenate 8 detoxification in Synechocystis 6803. However, the role of GSH as an electron donor in these pathways in vivo remains unclear. Marteyn et al. have shown that Grx1 and Grx2 function in a electron transfer cascade to reduce selenate. 7 We found that the ΔgshB strain behaves similar to WT during growth in the presence of NaSeO 4 at concentrations as high as 20 μM, with both strains exhibiting reduced growth. Similarly, we did not observe a significantly enhanced sensitivity of the ΔgshB strain compared to WT in phosphate deplete BG11 medium containing 100 mM Na-As V . Taken together, these data suggest that GSH, per se is not required for defense against arsenate and selenate in Synechocystis 6803. Further, they support the notion that while Grx1 and Grx2 have GSH-dependent disulfide oxidoreductase activity, GSH is likely not required for their function in vivo as they are able to receive electrons from NADPH-dependent thioredoxin reductase and a ferredoxin. 7 It is also possible that g-EC, if present at high concentrations, is able to functionally replace GSH.
Insights into the Maintenance of Redox Homeostasis in Synechocystis 6803
To characterize the physiology of Synechocystis 6803 strains, we routinely assay their photosynthetic activities using spectroscopic and biochemical methods. We commonly utilize a Clark-type electrode to directly measure dissolved oxygen concentrations, the byproduct of photosynthetic water splitting and substrate of respiration and Mehler reactions. Specifically, using artificial electron donor/acceptor pairs, we can characterize the activities of photosystem I (PSI) and photosystem II (PSII) complexes as a function of light intensity. We were somewhat surprised to determine that the ΔgshB strain exhibited extremely low PSI-mediated electron transport activity in intact cell assays using ascorbate/3,6-diaminodurene (DAD) as the electron donors and methyl viologen (MV) as the electron acceptor ( Fig. 2A) . In this assay, we first measure respiratory consumption of oxygen in the dark as a baseline, and then illuminate the samples with varying light intensity to determine the net oxygen consumption due to electron flow through PSI. However, previous measurements of whole chain oxygen evolution (H 2 O to CO 2 ) and PSII measurements using 1 mM potassium ferricyanide and 0.5 mM 2,6-dichloro-p-benzoquinone did not indicate a deficiency in electron transport.
To further investigate this phenomenon, we isolated membrane fractions from WT, ΔgshB and the complemented ΔgshB/T2086 strains, and assayed their PSI-mediated electron transfer reactions at saturating light intensity (8,250 μmolphotonsm -2 s -1 ) as previously described in reference 10 (Fig.  2B) . We consistently found, using several sets of independently isolated membranes, that the activity of the ΔgshB membranes was significantly enhanced compared to the WT and ΔgshB/T2086 strains in an apparent contradiction to the whole cell data.
We would therefore like to speculate about the nature of these findings. We previously found that the ΔgshB strain is extremely sensitive to growth in the presence of MV at concentrations >0.5 μM. Oxygen consumption was monitored on a clark-type electrode in whole cells (a) or in isolated membranes (B) adjusted to a chlorophyll concentration of 5 μg/ml. Wt (circle, line) and ΔgshB (square, dashed) cells were suspended in BG11 medium and measured in the presence of 20 μm 3-(3,4-dichlorophenyl)-1,1-dimethylurea (dcmu), 1 mm sodium ascorbate, 2 mm methyl viologen and 1 mm 3,6-diaminodurene at varying light intensities using neutral density filters (a). (B) membranes from Wt, ΔgshB and the complemented ΔgshB/t2086 strain were harvested from cells following breakage and centrifugation. Oxygen consumption was measured at a saturating light intensity of 8,250 μmol photons m -2 s -1 red light. membranes were suspended in measuring buffer consisting of 50 mm Hepes (pH 7.5), 10 mm nacl, 5 mm mgcl 2 , 1 mm Kcn, 20 μm dcmu, 10 μg/ml superoxide dismutase (Sigma), 0.1 mm dichlorophenolindolphenol and 1 mm methyl viologen (B). error bars represent Se of three measurements for whole cells and from three independent membrane preparations for Wt and ΔgshB. the ΔgshB/t2086 value represents a single measurement.
The PSI assay utilizes MV at concentrations significantly higher than this (2 mM), however, the overall duration of the measurement is in minutes. It is possible that in this time frame, sufficient reactive oxygen species (ROS) are generated to damage the functional PSI complexes and prevent accurate measurement of the activity. Studies on a cyanobacterial superoxide dismutase mutant claim that MV primarily damages PSI compared to PSII. 12 While less studied than PSII photoinhibition, PSI photoinhibition has been observed in plants following cold treatment, and ROS mediated loss of Fe-S clusters is the likely cause. 13, 14 In the WT strain, it is possible that endogenous ROS scavenging mechanisms are sufficient to overcome the amount of ROS produced and artificial electron transfer through PSI can proceed. Membranes were measured in a buffered reaction mix containing superoxide dismutase as a scavenger of the superoxide anion radical formed upon single electron reduction of O 2 . While superoxide is not likely the direct cause of PSI inactivation, Fenton reactions involving the product of superoxide dismutation, H 2 O 2 and Fe-S clusters of PSI result in formation of the hydroxyl radical that will inactivate PSI.
14 In this artificial system using membranes, we are able to observe PSI mediated electron transport, though it has been found that methyl viologen is able to accept electron from damaged PSI complexes. 15 The nature of the enhanced activity of the ΔgshB membranes is currently not known. We did not find significant differences in the amounts of the PSI P700 reaction centers in the ΔgshB mutant compared to WT. It is possible that damage or alterations to the donor side of PSI could increase MV access sites of electron transfer components, thereby enhancing the apparent rate of reaction, however we have no data to support this in our case. Additionally, we cannot rule out the possibility that other components of the photosynthetic electron transport chain contribute to oxygen reduction in this assay. 16 To test the hypothesis that increased ROS generation is responsible for the observed low PSI-mediated electron transport activity in the ΔgshB strain, Figure 3 . estimation of cellular rOS after treatment with methyl viologen (mV). Wt and the ΔgshB strains were incubated at 30°c and illuminated with 30 μmol photons m -2 s -1 for 0.5 h with varying amounts of mV. 2',7'-dichlorofluoresceine diacetate (dcF; Sigma) was added to cells at a concentration of 10 μm. Fluorescence intensity at 525 nm was monitored following 488 excitation using a Synergy mx fluorescence platereader (Biotek, Winooski, Vt). Fluorescence intensity was normalized to cell density and is represented as fold increase compared to control (0 μm mV). error bars represent standard error of four measurements.
we utilized the fluorescent ROS indicator 2',7'-dichlorofluoresceine diacetate as described in reference 11, to monitor ROS production in cells following 30 minutes of MV treatment at varying concentrations (Fig. 3) . At 1 mM MV, the WT strain exhibited <2-fold increase in fluorescence compared to the untreated, while the ΔgshB strain exhibited a >4-fold increase compared to the control. These data suggest that increased ROS production in cells upon MV treatment could lead to the inhibition of the PSI mediated electron transport in the ΔgshB strain.
These results highlight the multi-functionality of GSH in Synechocystis 6803. While g-EC is able to function under ideal conditions, it is not sufficient under conditions that greatly disturb the cellular redox balance. It is interesting to note, however, that g-EC is the primary thiol in halobacteria. 17 Therefore it is likely that the subtle differences between these molecules and the co-evolution of the intricate pathways they participate in will dictate the cellular responses to many environmental perturbations.
